Objective To identify metabolites showing changes in serum levels among Japanese male with diabetes. Methods We performed metabolite profiling by coupling capillary electrophoresis with electrospray ionization time-of-flight mass spectrometry using fasting serum samples from Japanese male subjects with diabetes (n=17), impaired glucose tolerance (IGT; n=5) and normal glucose tolerance (NGT; n=14). Results Other than the expected differences in characteristics related to abnormal glucose metabolism, the percent body fat was significantly different among subjects with diabetes, IGT and NGT (27.3±6.2, 22.2±4.5 and 19.2±6.0%, respectively, p=0.0022). Therefore, percent body fat was considered as a possible confounding factor in subsequent analyses. Of 560 metabolites detected using our platform, the levels of 74 metabolites were quantified in all of the serum samples. Significant differences between diabetes and NGT were observed for 24 metabolites. The top-ranked metabolite was glycerol-3-phophate (glycerophosphate), which was significantly higher in subjects with diabetes than in those with NGT, even after Bonferroni correction for multiple testing (11.7±3.6 vs. 6.4±1.9 μM, respectively; corrected p=0.0222). Stepwise multiple regression analyses revealed that serum glycerophosphate levels were significantly correlated with 2-h plasma glucose after a 75-g oral glucose tolerance test (r=0.553, p=0.0005), independently of other characteristics, including FPG and HbA1c. Conclusion Serum glycerophosphate levels were found to be elevated in Japanese men with diabetes, and correlated with 2-h PG, independent of FPG and HbA1c. Namely, serum glycerophosphate level at fasting condition can be a marker for predicting glucose intolerance. These results warrant further studies to evaluate the relevance of glycerophosphate in the pathophysiology of diabetes.
Introduction
Type 2 diabetes mellitus is a heterogeneous disorder of glucose metabolism characterized by insulin resistance and pancreatic β-cell dysfunction (1-4) As a result, diabetes is associated with marked changes in many metabolites, which are not necessarily related to plasma glucose levels, but may be related to insulin resistance, decreased serum insulin levels and/or other conditions often accompanying diabetes, such as obesity. Identifying such metabolites may lead to the establishment of new markers for abnormal glucose tolerance or diabetes, and the associated pathophysiological conditions. Metabolite profiling studies have already shown that Table 1 . Differences in Clinical Characteristics among the Study Groups hydroxybutyrate are associated with glucose intolerance or insulin resistance (5) (6) (7) (8) (9) (10) .
In general, insulin resistance occurs before the development of diabetes, with a compensatory increase in insulin secretion to maintain plasma glucose levels within the normal range. Glucose intolerance becomes evident as this compensatory increase in insulin secretion declines. Notably, Japanese subjects have been reported to show a weaker compensatory increase in insulin secretion, and are more likely to develop diabetes without developing marked insulin resistance, as compared with Caucasian individuals (11) (12) (13) . To date, the majority of these metabolite profiling studies were conducted with Caucasian subjects. Therefore, considering the difference in the etiology of diabetes between Japanese and Caucasian individuals, it is feasible that the metabolites related to glucose intolerance or diabetes in Japanese individuals may be different from those in Caucasian individuals.
Therefore, in this study, we conducted metabolite profiling by coupling capillary electrophoresis with electrospray ionization time-of-flight mass spectrometry (CE-TOFMS) to identify metabolites showing changes in Japanese subjects with diabetes or impaired glucose tolerance (IGT) compared with individuals with normal glucose tolerance (NGT).
Materials and Methods

Subjects
Male subjects with diabetes (n=17), and their age and sex-matched non-diabetic subjects (n=19) were randomly selected from among the participants of the Funagata study (from those who attended in 2000, 2001 and 2002), a Japanese population-based study conducted in an agricultural area located about 400 km north of Tokyo. The design of the study has been reported in more detail elsewhere (14) . The non-diabetic subjects were further divided into 2 groups, subjects with IGT (n=5) and NGT (n=14).
The present study was approved by the Ethics Committee of the Yamagata University School of Medicine, and informed consent was obtained from all of the participants. The value for HbA1c (%) is estimated as an National Glycohemoglobin Standardization Program (NGSP) equivalent value (%) calculated by the formula HbA1c (%) = HbA1c (Japan Diabetes Society:JDS)(%) + 0.4%, considering the relational expression of HbA1c (JDS)(%) measured by the previous Japanese standard substance and measurement methods and HbA1c (NGSP) (15) . The clinical characteristics of the study groups are shown in Table 1 . Glucose tolerance was evaluated by a 75-g oral glucose tolerance test (OGTT) according to the 1998 World Health Organization criteria (16) . The serum samples collected simultaneously with the samples for fasting plasma glucose (FPG) for OGTT were used for metabolite profiling. Subjects with known diabetes before the examination were excluded; therefore, only those subjects diagnosed with diabetes for the first time were included in this study as having diabetes.
Metabolite profiling
Metabolite profiling was conducted as previously de-scribed (17, 18) . In brief, after a 10-h overnight fast, blood samples were collected from the subjects by phlebotomy between 07:00 and 10:00 hours. Serum samples were immediately prepared and stored at -20 until used. We performed CE-TOFMS using the serum samples to identify metabolites showing differences among subjects with diabetes, IGT and NGT. To facilitate peak identification and quantification, 560 reference metabolites listed in the KEGG LIGAND database were analyzed before testing the serum samples. Global mass scanning over a 50-1,000 m/z range was conducted in the CE-TOFMS mode.
Statistical analysis
Data are presented as means ± standard deviation (SD). The statistical significance of differences in clinical characteristics values between subjects with diabetes and NGT was assessed using Student's t-test. Differences among the three groups were evaluated by analysis of variance (ANOVA). Differences in serum metabolite levels were assessed by ANOVA with adjustment for age and percent body fat. Scheffe's post hoc test was used after ANOVA. Univariate and stepwise multivariate linear regression analyses were performed to determine associations between clinical characteristics and glycerol-3-phophate (glycerophosphate) levels. Spearman's rank correlation coefficients were also used to measure the correlations between clinical characteristics and glycerophosphate levels. In analyses, the serum glycerophosphate levels were log-transformed (log10) to approximate a normal distribution. Values of p<0.05 were accepted as significant. All analyses were conducted using Stat View for Macintosh, version 5.0 (SAS Institute Inc., Cary, NC).
Results
Clinical characteristics of the study subjects
The clinical characteristics of the study subjects are shown in Table 1 . In addition to expected differences in characteristics related to abnormal glucose metabolism, we found that the percent body fat was also significantly different among subjects with diabetes, IGT and NGT (27.3±6.2, 22.2±4.5 and 19.2±6.0%, respectively; p=0.0022). In other words, percent body fat increased significantly from NGT to IGT to diabetes. Therefore, percent body fat was included as a possible confounding factor in subsequent analyses.
Serum glycerophosphate levels were higher in subjects with diabetes
Of 560 metabolites monitored by our platform, the levels of 74 metabolites were quantified by the CE-TOFMS analyses in all of the serum samples. Significant differences between the subjects with diabetes and NGT were detected for 24 metabolites ( Table 2) . Most of the metabolites showing differences between the two groups were AAs or FAs, and were significantly higher in subjects with diabetes. Serum levels of glycerophosphate and glycerophosphorylcholine were also significantly higher in subjects with diabetes. Since 74 metabolites were measured simultaneously and were used in the analyses, adjustment for multiple testing was deemed essential. After adjustment for multiple testing with Bonferroni correction, only glycerophosphate levels remained significantly higher in subjects with diabetes compared with subjects with NGT (11.7±3.6 vs. 6.4±1.9 μM, respectively; corrected p=0.0222).
Glycerophosphate is a key molecule involved in gluconeogenesis, a process that is upregulated in diabetes. Therefore, the serum levels of the metabolites involved in the gluconeogenic pathway among the three groups of subjects are summarized in Fig. 1 , in relation to this pathway. The gluconeogenic AAs glycine, serine, and alanine were increased in subjects with diabetes, but glycerol, a gluconeogenic lipid, was not. Glycerophosphorylcholine, a precursor of glycerophosphate, was also increased in subjects with diabetes.
Independent correlations between postprandial glucose levels and serum glycerophosphate levels
Simple regression analyses revealed significant correlations between most of the clinical characteristics with serum glycerophosphate levels. However, 2-h plasma glucose (2-h PG) after the OGTT gave the highest correlation coefficient (r=0.553, p=0.0005) ( Table 3 ). Spearman's rank correlation (non-parametric) analyses also revealed the highest significant correlation between 2-h PG and serum glycerophosphate levels (r=0.693, p<0.0001) ( Table 3) . We next performed stepwise multivariate regression to identify characteristics showing independent associations with serum glycerophosphate levels. In this analysis, only 2-h PG remained significantly and independently correlated with serum glycerophosphate levels.
Discussion
Percent body fat adjusted analyses showed that serum glycerophosphate levels were significantly higher in subjects with diabetes than in those with NGT. This difference showed the greatest statistical significance of all of the metabolites tested in this study (p=0.0003), and this remained true after the Bonferroni correction for multiple testing. Therefore, these results indicate that serum glycerophosphate levels increased with the progression of glucose intolerance from NGT to diabetes.
We next examined the correlations between serum glycerophosphate levels and diabetes. To achieve this, we first evaluated the correlations of serum glycerophosphate levels with clinical characteristics examined in all subjects. Univariate regression analyses revealed significant correlations between serum glycerophosphate levels and many clinical characteristics. However, multiple stepwise regression analyses revealed that most of the correlations, except for 2-h PG, were not independent. Therefore, only 2-h PG was independently correlated with serum glycerophosphate levels.
Table 2. Differences in Metabolites between Subjects with Diabetes and NGT
Therefore, serum glycerophosphate levels seem to be a reliable marker for increased 2-h PG, which does, at least, in part, correspond to postprandial hyperglycemia, and 2-h PG is acknowledged to be a stronger risk factor for diabetes-related macrovascular complications than elevated FPG (19, 20) .
The mechanisms involved in the increase in serum glycerophosphate levels observed in diabetes are not clearly explained, since various mechanisms including impaired insulin secretion and insulin resistance, and their subsequent consequences such as increased gluconeogenesis, increased glycogenolysis, and increased fatty acids synthesis together can explain the fact. Nevertheless, since glycerophosphate is an intermediate metabolite of gluconeogenesis, which is induced in diabetes (21) , an increased gluconeogenesis may be an explanation of the fact, although this explanation remains to be evaluated. Further, glycerophosphate does not permeate the cell membrane freely, and, thus, serum glycerophosphate levels may not reflect the phenomenon occurred in cells. However, we speculate that serum glycerophosphate As the gluconeogenic AAs, glycine, serine and alanine were found as increased in subjects with diabetes in the study (Fig. 1) , levels of metabolites involved in gluconeogenesis are generally increased in diabetes. Therefore, it could be expected that serum glycerophosphate levels are increased in diabetes, since glycerophosphate is a key gluconeogenic molecule. However, to date, no studies have reported associations between serum glycerophosphate levels and diabetes or the characteristics related to glucose intolerance. Therefore, the present findings are particularly novel. This may be because the above-mentioned metabolite profiling studies did not seem to assess glycerophosphate (5-10). Therefore, it is likely that serum glycerophosphate levels would be increased also in Caucasian subjects, although this will need to be tested. We believe that the increase in serum glycerophosphate levels in diabetes would be a general phenomenon, independent of ethnicity. Further studies are needed to confirm the association between serum glycerophosphate levels and diabetes in other ethnicities including Caucasians.
Glycerophosphorylcholine is converted to glycerophosphate by the enzyme glycerophosphocholine phosphodiesterase (EC 3.1.4.2), and it is a glycerophosphate precursor that was found to be increased in subjects with diabetes (Table 2, Fig. 1 ). This increase can be explained as a consequence of the gluconeogenic shift in lipid metabolism in diabetes. Another gluconeogenic lipid, glycerol, was not increased in diabetes, which is consistent with another metabolite profiling study (9) . Thus, the increase in serum glycerophosphorylcholine levels may have a greater impact on gluconeogenesis than does the change in serum glycerol levels in diabetes, at least in the fasting state. However, the mechanisms involved in the increase are not fully clear. A study with Caucasian subjects showed decreased serum concentrations of glycerophosphorylcholine, lysophosphatidylcholines, and phosphatidylcholines in diabetes (10) . In a study of diabetic mice, the plasma concentrations of lysophosphatidylcholines, precursors of glycerophosphorylcholine, were decreased, whereas the plasma concentrations of phosphatidylcholines, which are also derived from lysophosphatidylcholines, were increased (22) . The authors of that study postulated that diabetes promotes a shift from lysophosphatidylcholine to phosphatidylcholine levels (22) . Since the serum glycerophosphorylcholine levels were increased in subjects with diabetes in the present study, a shift from lysophosphatidylcholine to glycerophosphorylcholine levels or upregulation of the metabolic pathway from phosphatidylcholine to lysophosphatidylcholine to glycerophosphorylcholine to glycerophosphate in diabetes seems to offer an alternative explanation for these findings, which should be clarified in future studies.
The serum levels of several AAs and FAs were significantly increased in subjects with diabetes. These findings were generally consistent with the results of previous studies of subjects with diabetes-related conditions such as glucose intolerance, obesity or insulin resistance (5-10). AAs, including branched-chain and neutral AAs, and FAs have been reported to be increased in such conditions (5) (6) (7) (8) (9) (10) . However, regarding the gluconeogenic AAs glycine, serine and alanine, these were increased in subjects with diabetes in the present study, but some inconsistencies have been reported (6) (7) (8) (9) (10) . In a study of obese subjects, the serum alanine levels were significantly increased in obese subjects, Table 3 . Correlations between Clinical Characteristics and Serum Glycerophosphate Levels whereas the serum glycine levels were significantly decreased (6) . On the other hand, in nondiabetic subjects, the serum glycine levels were positively correlated with insulin resistance, with the third-ranked strongest correlation (8) . The subjects in these studies showed some features associated with diabetes, but did not have overt diabetes, which may explain the differences in results. Ethnic differences may also explain the discrepancies between these studies. Interestingly, all of these gluconeogenic AAs were decreased in diabetic db/db mice. The authors of that report explained their results as a consequence of the increased uptake of these AAs to meet the demand of increased gluconeogenesis. However, it remains to be seen whether this explanation also applies for people with diabetes or is specific to the diabetic model used in that study.
The limitations of the present study need to be mentioned. First, the number of subjects included in this study was not substantial, which reduced the statistical power of the analysis, particularly when coupled with the necessary adjustments for multiple testing. The statistical power estimated using Sampsize software (http://sampsize.sourceforge. net/iface/index.html) to determine the difference in serum octananoate, the second highest ranked metabolite to be associated with diabetes, was about 76% to detect a mean difference of 100 μM at a level of significance of 0.05 after Bonferroni correction, whereas the power for serum Ala levels was about 47% to detect a mean difference of 190 μM at the same level of significance. Therefore, because of the low statistical power, the differences in 23 metabolites between the diabetes and NGT groups were significant in crude analyses, but not after Bonferroni correction. Had we included a larger number of subjects, it is likely that some of these metabolites would show significant differences between the two groups. The limited number of the subjects may also increase the potential for selection bias. However, since we randomly selected the subjects with diabetes and the control subjects, such selection bias may not be so substantial to confuse the results. Second, to eliminate possible sex differences, we only included males. However, this was important because men generally show more pronounced insulin resistance compared with women. Accordingly, inclusion of women might have weakened the associations. Thus, studies with more subjects, as well as studies in women, are warranted to confirm and extend our current results.
In conclusion, serum glycerophosphate levels were elevated in Japanese men with diabetes compared with those in subjects with NGT. The serum glycerophosphate levels were correlated with 2-h PG, independent of other clinical characteristics such as FPG and HbA1c. Namely, the serum glycerophosphate level in fasting condition can be a useful marker for predicting 2-h PG, which is generally accepted as a marker for abnormal glucose metabolism. These results warrant further studies to determine whether this association is common to all subjects with diabetes, or specific to Japa-nese subjects, and to evaluate the relevance of glycerophosphate in the pathophysiology of diabetes.
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